many people I've spoken with did experience discomfort, or were annoyed by certain cinematic techniques, such as the limited depth of field in many scenes."
There are several kinds of depth cues that researchers working in this area are actively studying to improve such stereoscopic 3D experiences. For example, one kind of cue is motion parallax, which conveys depth through apparent object movement. When looking out the side window of a moving vehicle, for instance, objects beside the road appear to move past the window more quickly than objects in the distance. Currently, while movies can render parallax for camera motion correctly, they cannot create parallax to account for a viewer's head movement. After all, everybody in an audience sees the same image on the screen, despite head movement and regardless of seat position in the theater.
While it might not be difficult to imagine movie theaters one day tracking head movement to render viewerbased motion parallax correctly, several fundamental depth-cue issues have yet to be resolved. One of these issues is how the human brain perceives simulated 3D differently from how it perceives the natural world. In the physical world, the distance at which each eye's line of sight must converge, called the vergence distance, and the distance at which the eyes must focus, called the focus distance, are the same. Converging the eyes drives focus to a nearer distance, while focusing to a nearer distance drives the eyes to converge, which means that vergence distance and focus distance are coupled in the brain.
Stereoscopic 3D media requires that viewers fix their eyes at simulated distances but still focus on the display's fixed distance. This disparity causes a S t e R e o s c o p I c 3 d I s experiencing a strong resurgence, with moviemakers no longer using the technique primarily as a gimmicky audience-draw consisting of objects poking from the screen into the theater space. In today's cinema, stereoscopic 3D is being used more subtly as an aspect of storytelling to enhance immersion into environments that appear to invite the viewer inside. The film Avatar is a testament to this shift in how moviemakers now use stereoscopic 3D, and yet the movie industry is not alone in embracing the technique.
Television manufacturers and broadcasters have fallen under the spell of the third dimension, with stereoscopic 3D TVs and Blu-ray players now widely available, and new 3D products expected this year from major manufacturers such as LG, Panasonic, and Sony. ESPN and other broadcasters are rolling out dedicated 3D cable channels. Also, the market for stereoscopic 3D computers is expected to grow rapidly, with one million units shipped this year and 75 million by 2014, according to Jon Peddie Research (although most of these computers will be stereoscopic 3D-capable due to their graphics processors, they'll still require a special monitor, glasses, and content). And mobile device-makers have begun to incorporate 3D technology into their handhelds, with the most recent example being the Samsung SCH-W960, a smartphone designed to convert 2D content automatically into stereoscopic 3D.
While the stereoscopic 3D resurgence continues to have a powerful impact on consumer culture, distinct challenges remain. Researchers working in this area-a field that draws on vision science, display technology, visualization, and cognitive science-are attempting to develop new techniques to overcome the limitations associated with traditional stereoscopic 3D strategies, many of which have remained unchanged since the 19 th century. New research has found, for example, specific physiological reasons for the visual fatigue that viewing stereoscopic 3D media sometimes causes. And while the technology for creating such media has become more sophisticated, the content remains costly to produce and cumbersome to consume, requiring special cameras, projectors, and glasses.
Kurt Akeley, a principal researcher at Microsoft Research Silicon Valley, says that while stereoscopic 3D techniques and technologies are growing more sophisticated, they remain far from mature. "I enjoyed viewing Avatar, and I experienced no discomfort during the three-hour showing, which is a big improvement over previous cinematic experiences," says Akeley, who cofounded Silicon Graphics and led the development of OpenGL. "But kurt akeley is experimenting with an approach related to light-field theory in which the display is replaced with a volumetric light source so light comes directly from the simulated distance.
to focus at one distance while looking at an object at a different, simulated distance. Still, Akeley remains optimistic about such research. "I'm hopeful that this virtuous cycle of researchers using industry-created equipment to probe human visual mechanisms and create useful feedback for industry will accelerate as stereoscopic viewing becomes the standard," he says.
understanding Depth cues
Another researcher focused on depth cues in stereoscopic 3D is Martin Banks, a professor of vision science at the University of California, Berkeley. Banks has conducted widely cited studies showing how this confl ict between fi xed display depth and vergence distance causes visual discomfort.
"We think this is potentially a serious problem with the distribution of stereoscopic media, particularly when the viewer's distance is likely to be short, as with small TV screens viewed at a short distance," he says. "We still have lots to learn about how stereoscopic signals affect how people perceive things."
Banks is currently working on how the presentation of information over time affects the perception of motion and depth cues. In stereoscopic 3D cinema, images are presented to the left and right eye at 72 cycles per second. While the images are presented in counter-phase to the two eyes, each image is shown three times before it is updated. The update rate is only 24 cycles per second, a coarse approximation of what it would be in the natural physiological disconnect that can lead to headaches and even nausea. To address this issue, Akeley has been experimenting with an approach related to light-fi eld theory, which he says has the potential to lead to new strategies for dealing with this disparity. The idea is to replace the display with a volumetric light source so light comes directly from the simulated distance, essentially eliminating the gap between vergence distance and focus distance.
Despite the promise of using lightfi eld theory to make stereoscopic 3D more comfortable for viewers, the idea has proven to be diffi cult to implement in practical applications outside the lab. The prototype systems are mainly used to help understand human perception and the effects of forcing users "For these studies, it would be useful to have faster display technology than we currently have," Banks says. "With such technology, we would be able to better understand the consequences of using different temporal protocols in the presentation of stereoscopic video."
In a related project, Banks is studying how blur affects the perception of distance and size. Conventional optical devices, such as eyes and cameras, can be focused only on one distance at a time, which makes objects blurry when they are farther from or nearer to the focus distance. Banks is conducting studies to determine the relationship between depth-of-field blur and other depth cues, but also to understand how changes in that relationship affect human perception. The results of such investigations could influence the design of content for stereoscopic 3D cinema and television.
Banks predicts that, despite the abundance of unanswered questions about how human perception works with simulated 3D, the technique will continue its momentum in moviemaking. He also predicts that display update rates will improve to the point where motion looks truly smooth, and vision sciences will continue to improve colors so they look more like the natural world. "We're a long way from achieving these goals," he says. "But once we do, the experience of watching video will be truly breathtaking." Microsoft Research's Akeley, for his part, predicts future 3D displays not only will eliminate the need to wear special glasses, but also will have the ability to track head movement to render motion parallax accurately. And he predicts the proliferation of more powerful content-creation technologies, such as movie-production systems that can render a scene from different viewpoints without reshooting it, and an overall better understanding of vision fatigue related to focus and depth cues. With these and other technological advances, 3D viewing experiences will be greatly improved, whether they occur on big screens or small ones.
